Germ cell depletion 2 (gcd2) is a chemically induced recessive mutation that causes infertility in male and female mice. The infertility is caused by germ cell depletion as early as 11.5 days post-coitum, when primordial germ cells have completed their migration to the embryonic gonads. Thus, the gcd2 mutation affects the proliferation and/or survival of germ cells after they arrive in the embryonic gonad, a developmental time when little is known about the requirements for germ cell proliferation and survival. The sterility phenotype is incompletely penetrant, has variable expressivity, and is modulated by strain background. The penetrance ranges from 37% in strain C57BL/6J to nearly 100% in CAST/EiJ. Genetic mapping localized gcd2 to a $1 Mb region on Chr 2. This interval contains a small number of annotated genes, of which none are known to have a role in germ cell development. Sequencing the coding regions of these genes failed to reveal a mutation, and BACs containing two of the candidate genes failed to rescue the phenotype. This raises the possibilities that the gcd2 mutation resides in non-coding sequences, and regulates genes outside the genetically defined critical region.
Introduction
In mammals, germ cells are specified early in development and then migrate to the gonads where they ultimately undergo meiosis and differentiate to become gametes. In the mouse embryo, primordial germ cells (PGCs) are first apparent as a cluster of alkaline phosphatase positive cells in the base of the allantois at about 7.5 days post-coitum (dpc) (Ginsburg et al., 1990) . As embryonic development progresses, PGCs migrate to the posterior primitive streak and then through the hindgut. At 10.5-11.5 dpc, PGCs populate the bipotential embryonic gonad and form aggregates with the resident sexually differentiating somatic cells. Throughout their migratory phase, PGCs proliferate. They also proliferate for a short period after they arrive in the bipotential gonad. At the same time, the gonad is initiating sexual differentiation. PGC proliferation is complete by 13.5 dpc. Only male germ cells maintain their proliferative capacity but they do not resume mitosis until just after birth (for reviews, see (De Felici, 2000; McLaren, 2000; McLaren, 2003; Molyneaux and Wylie, 2004) ). While several genes required for gonadal sexual differentiation have been identified (Brennan and Capel, 2004) , relatively little is known about the requirements for germ cell proliferation and survival during this critical developmental time (between 11.5 and 13.5 dpc).
Several genes are known to be required for the proliferation and survival of PGCs throughout embryogenesis and/or in adult males. For example, Dnd1 (dead end homolog 1), (Youngren et al., 2005) and Pin1 (protein NIMA interacting 1) are required for the progression of the cell cycle in proliferating germ cells during and just after their migration . Similarly, Kit (Kit oncogene) and Kitl (Kit ligand or stem cell factor) are required for the migration and proliferation of PGCs throughout embryogenesis. However, unlike Pin1 and Dnd1, Kit and Kitl are also required for the survival, proliferation and differentiation of spermatogonia in juvenile and adult males ( (Ohta et al., 2003) ; for review, see (Besmer et al., 1993) ). Similarly, Utp14b (previously known as jsd, juvenile spermatogonial depletion) is required for the proliferation of spermatogonial stem cells in juvenile males (Rohozinski and Bishop, 2004) but, unlike Kit and Kitl, it is not required for PGC proliferation during embryonic development. Currently, only Fancl (previously known as gcd and Pog) (Agoulnik et al., 2002 ) is known to be required specifically for the proliferation of post-migratory PGCs but not for the proliferation of migratory PGCs. In addition, Fancl is not required for spermatogonial proliferation because adult Fancl males can recover fertility later in life (Lu and Bishop, 2003) .
gcd2 is a new mutation that causes germ cell depletion in mice. It was identified in a forward genetic screen of pedigrees derived from ethylmethanesulfonate (EMS) mutagenized embryonic stem (ES) cells and was mapped to a large region of Chr 2 not previously shown to include gene(s) required for germ cell proliferation, migration or survival (Ward et al., 2003) . Here, we report a detailed study of the developmental timing and degree of germ cell depletion in mutant embryos. We also describe modification of the phenotype by genetic background, high resolution analysis of the gcd2 critical region, and molecular analysis of candidate genes.
Materials and methods

Breeding and fine mapping
Heterozygous animals (gcd2/+) were outcrossed to CAST/EiJ and F 1 heterozygotes were intercrossed to generate F 2 animals for fine mapping. These were genotyped using polymorphic Mit microsatellite markers. Additional markers described in the text are: D2Jcs1 (fwd: 5 0 TGGAA GAAACAGAAAGTATG3 0 and rev: 5 0 AGTCAGCCCTGTATGTAT G3 0 ) and D2Jcs2 (fwd: 5 0 GTGCATTGACTGCTTGATGG-3 0 and rev: 5 0 CCAGCGGATATCAAATCTGG3 0 ). Recombinant F 2 animals were fertility tested by mating for 12-20 weeks. In all test matings, the presence of a post-coitum plug was used as an indicator of copulation. Animals that appeared to be sub-fertile were mated for longer periods of time to establish the phenotype and/or to generate additional animals carrying the same recombinant chromosome for fertility testing. For congenic lines, heterozygotes from the mapping cross (donor strain) were outcrossed to either C57BL/6J (B6) or CAST/EiJ (CAST) and then backcrossed to the parental strain for at least nine generations. Animal protocols used in these studies were approved by The Jackson Laboratory Institutional Animal Care and Use Committee in accordance with National Institutes of Health. The Jackson Laboratory is fully accredited by AAALAC.
Histology
Gonads were collected from gcd2/gcd2 animals and +/+ littermates, fixed in modified Bouin's fixative (85% Sat. Ag. Picric Acid, 5% glacial acetic acid and 10% formalin) for 24 h and embedded in paraffin wax. Serial sections (5 lm) were stained with PASH (periodic acid Schiff-hematoxylin). The genetic background of animals used for histological analysis included B6:CAST F 2 's, . Germ cell depletion in adult animals (20-30 weeks-old) was quantitated by counting the number of oocytes or seminiferous tubules (see below) showing germ cell depletion in representative gonads from sterile, sub-fertile (females) and fertile gcd2/gcd2 animals. Five animals were used for each phenotype category. Females were considered fully fertile if they produced at least three litters of average size (7-9 pups) over 12-15 weeks. Females were considered sub-fertile if they had at least one pup, but did not fit the criteria of being fully fertile. Germ cell depletion was quantitated in males by counting the number of seminiferous tubule cross-sections showing germ cell depletion and dividing that by the total number of tubules found in one histological section. Sterile and fertile gcd2/gcd2 males were analyzed (five animals per category) and the phenotype category was established as described above for female animals, with the exception that sub-fertile males were rare. Cell death was evaluated by counting the number of seminiferous tubule cross-sections containing heteropycnotic nuclei and dividing this number by the total number of seminiferous tubules in one histological section. Unpaired Student t-tests were used to calculate P values.
Immunohistochemistry
Gonads from +/+ and gcd2/gcd2 animals of the CAST congenic (N 9 ) or pseudocongenic background (N 4 -N 8 ) were fixed in 4% PFA overnight at 4°C. Fixed tissues were then rinsed several times in cold PBS, dehydrated and embedded in paraffin. Sections were deparaffinized using xylene and then rehydrated using a descending ethanol series. Sections were washed three times (5 min each) in PBS, quenched twice (5 min each) in 50 mM NH 4 Cl-PBS and then blocked for 1 h in antibody dilution buffer (ADB: 10% goat serum, 3% BSA and 0.05% Triton X-100). Primary antibodies were diluted in ADB and sections were labeled with primary antibodies for at least 1 h at room temperature or overnight at 4°C. Primary antibodies used were rat anti-GCNA (Enders and May, 1994) and rabbit anti-laminin (Sigma cat# L9393, 1:50 in anti-GCNA). Sections were rinsed three times (5 min each) in 10% ADB-PBS and labeled with secondary antibodies for at least 1 h at room temperature. Secondary antibodies were goat anti-rat IgM, Alexa 488 conjugate and goat anti-rabbit IgG, Alexa 594 conjugate (Molecular Probes cat# A21212 and A11012, respectively), diluted 1:100 in ADB. Sections were then rinsed three times (5 min each) in 10% ADB-PBS, treated with 70% Sudan Black in methanol to minimize autofluorescence, rinsed three times (5 min each) in 10% ADB-PBS, counterstained with DAPI and mounted in Slow Fade anti-fade reagent (Molecular Probes, cat# S2828). Slides were examined and digital images were collected using an Olympus BX-60 epiflourescent upright microscope and MagnaFire CCD camera.
Gonads collected from 11.5 to 13 dpc embryos of the CAST congenic (N 9 ) or pseudocongenic background (N 4 -N 8 ) were fixed in 4% PFA overnight at 4°C and immunolabeled according to a previously described protocol for whole mount indirect immunolabeling of embryonic gonads (Albrecht et al., 2003) . Primary antibodies used were anti-PECAM-1 (CD-31, BD Pharmingen cat# 553373, 1:100) for labeling of germ cells and vascular endothelial cells, anti-GATA4 (Santa Cruz Biotech, cat# SC9053, 1:200) for labeling of gonadal somatic cells and anti-WT1 (Santa Cruz Biotech, cat# SC192, 1:300) for labeling of gonadal and mesonephric somatic cells. The secondary antibodies used were donkey anti-mouse Alexa 488 conjugate (Molecular Probes cat# A21202, 1:1000), donkey anti-goat Cy5 conjugate and donkey anti-rat Cy3 conjugate (Jackson Immunoresearch cat# 705-175-003 and 712-165-150, respectively). Fluorescence labeled gonads were placed in a culture dish and immersed in a drop of Slow Fade anti-fade reagent. Gonads were then examined using a Leica TCS-NT laser scanning confocal microscope and digital images were collected. Optical sections were digitally collected at 2 lm intervals and Z series were constructed using Metamorph (Universal Imaging Corp.). Germ cell numbers were estimated from Z series reconstructions.
Alkaline phosphatase staining
Whole embryos (9.5 and 10.5 dpc, CAST N 4 -N 9 ), urogenital ridges (11.5 dpc, CAST N 4 -N 9 ) or embryonic gonad sections (12.5 dpc +) were stained with alkaline phosphatase according to published protocols for screening enzyme activity in whole mount and tissue sections (Sakurai et al., 1995) . Alkaline phosphatase-positive germ cells (both migratory and those in the urogenital ridge) were counted in whole embryos (9.5 and 10.5 dpc). In older embryos, gonads were collected, fixed and sectioned. The total number of alkaline phosphatasepositive germ cells was counted in each of four serial sections spaced 20 lm (or four sections) apart (to avoid counting the same cells) and an average was calculated. For each time point (9.5, 10.5, 11.5 and 15.5 dpc), five representative gcd2/gcd2 and +/+ embryos were selected from five different litters and an average for each genotype was calculated.
Quantitative RT-PCR
Total RNA (100 ng) from whole embryonic gonads (CAST N 4 -N 9 ) was reverse transcribed employing standard random hexamer priming methods and Superscript III enzyme (Invitrogen, Carlsbad, CA) according to the manufacturer's protocols. Diluted reaction products were then used in a subsequent PCR reaction containing Taqman Univeral PCR Master Mix (Applied Biosystems, Foster City, CA). Gene specific primers and probe sets (for Gus, Bdnf, Gpr48, Lin7c and Pou5f1) were obtained from the Applied Biosystems Assay on Demand service and used according to manufacturer's protocols. Real-Time PCR reactions were performed using the ABI PRISM Ò 7900HT Sequence Detection System (Applied Biosystems) with recommended thermal cycling protocols and 40 cycles of amplification. Threshold cycle (Ct) values were determined using the supplied Sequence Detection System (SDS v2.2) software package. The data were normalized using expression data for the endogenous housekeeping gene Gus (b-glucuronidase precursor).
Genotyping and sequencing
A crude lysis procedure (see http://www.jax.org/imr/tail_nonorg.html) was used to extract DNA from small tail snips (2 mm) or from yolk sacs. For amplification and sequencing of candidate genes, primers flanking codons (including intron/exon boundaries) and untranslated regions were designed. PCR products were purified using a QIAquick PCR purification kit (Qiagen, cat# 28104) and then sequenced.
Results
Sterility of adult gcd2/gcd2 animals is incompletely penetrant and is caused by decreased numbers of germ cells
It was previously reported that the testes of sterile gcd2/ gcd2 males (identified as such genotypically using flanking markers) exhibited germ cell depletion, but the phenotype was only about 65% penetrant (Ward et al., 2003) . To investigate the phenotype in both sexes and to better characterize the relationship of gonad pathology to fertility, detailed histological analyses were performed. Inspection of adult gcd2/gcd2 testes sections revealed that while some tubule cross-sections had a full complement of germ cells undergoing spermatogenesis, others had few to no developing germ cells (Fig. 1B, asterisk) . The severity of the phenotype varied among gcd2/gcd2 males; the percentage of seminiferous tubule cross-sections showing germ cell depletion was much higher in sterile gcd2/gcd2 males than in fertile ones (Fig. 1E) . To address whether germ cell depletion is caused by cell death, possibly as a consequence of meiotic progression defects, the percentage of tubule cross-sections containing heteropycnotic nuclei was determined in histological sections from mutant, wild-type and positive control (Dmc1 À/À ) testes. Though gcd2/gcd2 and wild-type were significantly different (P < 0.0001) from Dmc1
, a null mutation that causes spermatocyte cell death secondary to defects in meiotic recombination (Pittman et al., 1998; Yoshida et al., 1998) , they were not significantly different from each other (data not shown, P = 0.27). Thus, the reduction of germ cells in mutant males is not due to increased cell death during meiosis or spermiogenesis.
Histology from adult gcd2/gcd2 females revealed a dramatic reduction in the number of growing follicles (Fig. 1D ) compared to wild-type (Fig. 1C) . However, as in males, the female sterility phenotype is not fully penetrant. A sampling of F 2 gcd2/gcd2 ovaries collected from 20 to 22 week-old females revealed variable phenotypes. Some appeared normal while others had tiny ovaries with few to no follicles. Generally, those animals with small ovaries with less than 10 oocytes over 40 serial cross-sections were sterile, whereas animals with greater than 10 oocytes over 40 serial cross-sections were either sub-fertile or fully fertile (Fig. 1F) . Sub-fertile gcd2/gcd2 females displayed premature ovarian failure with shortened reproductive life spans and small litters. Heteropycnotic oocyte nuclei were rare in both mutant and wild-type adult ovaries, providing evidence that, as in adult males, increased germ cell death does not contribute to germ cell depletion in adult females.
The penetrance of the gcd2/gcd2 sterility phenotype is strain background dependent
To test if the penetrance of the gcd2/gcd2 sterility phenotype is strain dependent, two congenic lines, one on C57BL/6J (B6) and one on CAST/EiJ (CAST), were bred. Sterility in both sexes was 90% penetrant when the gcd2 critical region was placed on a predominantly CAST genetic background (N 7 -N 9 ) ( Fig. 2A and C) , but was only 37% penetrant on a predominantly B6 genetic background (N 7 -N 9 ) ( Fig. 2B and C) . Therefore, the penetrance of the sterility phenotype of gcd2/gcd2 mice is strain dependent, and may reflect subtleties in expression or function of one or more unlinked alleles that impact the gcd2 pathway.
Interestingly, the percentage of gcd2/gcd2 F 2 mice from the mapping cross (18%) was below expectations for Mendelian segregation (25%). This percentage dropped in both the CAST and B6 congenic (N 9 ) and pseudocongenic (<N 9 ) lines (Fig. 2C) . These data are suggestive of lethality among gcd2/gcd2 animals occurring prior to genotyping (prior to 21 days post-partum). Further studies on the gcd2 phenotype (described below) were conducted with CAST congenics and pseudocongenics (N 4 -N 9 ), due to the lower phenotypic variability and higher penetrance.
3.3. Germ cell depletion in gcd2/gcd2 embryos is first apparent at 11.5 dpc To establish the developmental timing of germ cell depletion in mutants, gonads from newborn animals were examined by immunohistochemistry. Germ cells were identified using an antibody to detect the germ cell nuclear antigen (GCNA) (Enders and May, 1994) . Gonads from male and female gcd2/gcd2 animals were depleted of germ cells at birth (Fig. 3B and D) . As expected, the severity of germ cell depletion in newborns varied by individual and by strain background as described above. Because there is no apparent increase in germ cell death in adults (as described above) and germ cells are depleted at birth, germ cell depletion in gcd2/gcd2 animals most likely occurs during embryogenesis. To test this, gcd2/gcd2 (CAST N 7 -N 9 ) embryos were collected at different gestational time points to examine germ cells in migratory/proliferative (9.5 and 10.5 dpc), proliferative and post-proliferative, (11.5 dpc) and mitotic arrest (male) and/or meiotic prophase (female) phases (15.5 dpc). Whole embryos (9.5 and 10.5 dpc) or embryonic gonads (11.5 and 15.5 dpc) were stained with alkaline phosphatase and/or labeled with antibodies specific to germ cells so that germ cells could be visualized and counted. The average number (P = 0.025), size and appearance of primordial germ cells (PGCs) in mutant and wildtype embryos was not significantly different at 9.5 and 10.5 dpc (Fig. 4A, B and I) . Few PGCs were found in ectopic locations, indicating that migration is normal in the mutant (Fig. 4A and B) . Fig. 1 . Histological sections from a gcd2/gcd2 ovary (D) and a gcd2/gcd2 testis (B) from 20 week-old animals (B6:CAST F 2 s). Gonad sections from fertile wild-type littermates (A and C) are also shown. Ovarian follicles (C and D arrows) were depleted in gcd2/gcd2 ovaries. While many cross-sections of gcd2/ gcd2 seminiferous tubules revealed complete depletion of developing sperm (asterisk), others showed apparently normal spermatogenesis (A and B arrows). The number of oocytes over 40 cross-sections (F) and the percentage of germ cell-depleted seminiferous tubule cross-sections (E) correlated with the degree of fertility among gcd2/gcd2 animals. The arrowhead in B points to a germ cell with a heteropycnotic nucleus of the type that was scored for quantifying germ cell death as described in the text. Bar = 0.1 mm.
In normal embryos, most PGCs have migrated to the urogenital ridge to populate the newly formed embryonic gonad by 11.5 dpc. PGCs in gcd2/gcd2 and wild-type 11.5 dpc embryos were found in the embryonic gonad ( Fig. 4C-F) , however the average number of PGCs in gcd2/gcd2 embryos was reduced (P < 0.0005, Fig. 4I ). Finally, by 15.5 dpc, when the proliferative phase of PGC development is complete, the average number of F) and penetrance data (G) for CAST/EiJ (CAST) and C57BL/6J (B6) congenic lines. Histological sections are of gonads from a fertile 20 week-old gcd2/gcd2 B6 congenic male (A), a sub-fertile 12 week-old gcd2/gcd2 B6 congenic female (B), a sterile 20 week-old gcd2/gcd2, CAST congenic male (C), a sterile 20 week-old gcd2/gcd2, CAST congenic female (D), a fertile 20 week-old C57BL/6J male (E) and a fertile 12 week-old C57BL/6J female. The sterility phenotype was fully penetrant and the germ cell depletion was more severe after repeated backcrossing to CAST. Conversely, the sterility phenotype was less penetrant and the germ cell depletion was less severe after repeated backcrossing to B6 (G). Bars = 0.1 mm.
PGCs in gcd2/gcd2 embryos was significantly lower than that in wild-type controls (P < 0.0005 Fig. 4G-I ). Consistent with weanling data, the percentage of gcd2/gcd2 embryos was below Mendelian expectations ($15%; N = 93), suggesting that the mutation is partially lethal. Furthermore, gcd2 transmission rates from heterozygous animals did not suggest segregation distortion.
Fine mapping of gcd2 and analysis of candidate genes
The gcd2 mutation was isolated in a forward genetic mutagenesis screen for infertility mutations in mice. CJ7 ES cells (129S1/Sv, or ''129'') were treated with ethylmethanesulfonate (EMS) and used to generate male chimeras. These were outcrossed to C57BL/6J (B6) to produce founder males that initiated a three generation breeding scheme designed to isolate recessive mutations, and polymorphisms between B6 and 129 were used to map the mutation to an $37 Mb region of Chr2 flanked by microsatellite markers D2Mit158 and D2Mit274 (Ward et al., 2003) .
To narrow the genomic candidate region, carrier males and females of mixed genetic background (B6 + 129) were outcrossed to CAST/Ei to generate F 1 s, which were intercrossed to generate F 2 s. A total of 807 F 2 animals, representing 1614 meioses, was screened for recombination between markers D2Mit206 and D2Mit274. A total of 63 animals bearing recombinant chromosomes was fertility tested by mating for six weeks, then sacrificed to collect gonads for histology. The approximate location of each crossover was determined by genotyping with polymorphic markers spanning the interval between D2Mit206 and D2Mit274. In this manner, the critical region was narrowed to $2.83 Mb, between markers D2Mit58 and D2Mit482. We developed additional microsatellite markers (D2Jcs1 and D2Jcs2) to refine the crossover sites, and reduce the critical region to $1 Mb (Fig. 6 ). This region contains cod- Fig. 4 . Germ cell depletion during embryogenesis in gcd2/gcd2 (CAST N 7 -N 9 ) (B, D, F and H) and +/+ (CAST N 7 -N 9 ) (A, C, E and G) littermates. Embryos were collected at 10.5 dpc (A and B), 11.5 dpc (C-F) and 15.5 dpc (testes; G and H). Embryos and isolated embryonic gonads were stained with alkaline phosphatase or immunolabeled to visualize germ cells. Average numbers of germ cells were estimated in histological or optical sections or in whole mounts depending on the age of the embryo (I). Germ cell depletion was first apparent at 11.5 dpc (I). Data in (I) combine germ cell numbers from both XX and XY gonads. . Quantitative RT-PCR results for Gpr48, Lin7c and Pou5f1 (Oct4) expression in adult testes. Gpr48 expression was similar in gcd2/gcd2 (CAST:B6 F 2 ) and gcd2/+ (CAST:B6 F 2 ) adult testes compared to +/+ (CAST:B6 F 2 ) sibs. (A) Lin7c expression was down regulated with respect to +/+ in gcd2/ gcd2 adult testes from sterile males (sterile 1 and sterile 2) but not in testes from gcd2/+ or in testes from a fertile gcd2/gcd2 (CAST:B6 F 2 ) male (fertile). (B) Pou5f1 (Oct4) expression followed a similar pattern but was more dramatically down regulated than Lin7c in every case. ing sequence for five known genes and one novel (RIKEN) gene according to the Mouse Genome Assembly NCBI m34. Of the five known genes, none have been previously shown to be required for PGC proliferation or survival. The transcribed sequences (including 5 0 and 3 0 UTRs) and intron/exon boundaries for each gene in the region were amplified from gcd2/gcd2 genomic DNA and sequenced. These sequences were compared to control sequences from CJ7 ES cell DNA. No differences were found. We also sequenced four genes (Bbox1, 2810027O19Rik and Gpr48) outside the region with the same result.
Because multiple SNPs were found in the course of sequencing, and because the sterility phenotype of gcd2 animals is so sensitive to strain background, we tested the possibility that SNPs in one or more of the candidate genes were responsible for the phenotype. Control F 2 (C57BL/ 6J:129S1/SvJ) animals were bred and animals homozygous for 129S1/SvJ DNA within the candidate region on Chr2 were selected. Ten animals (five male and five female) were fertility tested by mating and found to have normal fertility when compared with littermates that were homozygous for C57BL/6J DNA or heterozygous for C57BL/6J and 129S1/ SvJ DNA within the candidate region. Therefore, the gcd2 sterility phenotype is not the result of context dependent strain polymorphism.
To examine the possibility that the gcd2 mutation affects the expression of a gene in the gcd2 critical region, the most promising candidate genes were selected for transcriptional analysis. Three of the genes, BDNF (brain derived neurotrophic factor), Lin7c (vertebrate homolog of C. elegans Lin-7 type C) and Gpr48 (G-protein coupled receptor LGR4 homolog) are represented in an embryonic germ cell library (Lin7c and Gpr48) or have been shown to be expressed in Sertoli cells (BDNF) (Park et al., 2001) . Quantitative RT-PCR was used to compare the expression of each of these genes in mutant and wild-type gonads from adult animals (B6:CAST F 2 s). BDNF was essentially undetectable in mutant and wild-type gonads (GOI mean > 38 cycles). However, Lin7c and Gpr48 were both expressed in mutant and wild-type gonads. Furthermore, Lin7c was significantly under-represented in mutant testes when compared with wild-type (Fig. 5A ). No expression difference was found between mutant and wild-type adult ovaries (data not shown). Reduction of Lin7c expression in mutant testes could be the result of the gcd2 mutation or could be consequence (and not a cause) of germ cell depletion. For example, it is possible that Lin7c is expressed by spermatogonia and/or spermatocytes and the depletion of this cell type in gcd2/gcd2 testes results in reduction of Lin7c transcripts. A previous study showed that Lin7c is significantly down regulated in spermatogonia from Plzf knockout males, providing evidence that Lin7c is expressed in mitotic germ cells (Costoya et al., 2004) . Therefore, Lin7c expression was also compared with that of a germ cell-expressed gene (Pou5f1, a.k.a. Oct4) (Fig. 5A ) and Lin7c expression was examined in another germ cell depletion mutant, Kit w/w-v . In both gcd2/gcd2 and Kit w/w-v testes, Pou5f1 was more dramatically under-represented than Lin7c ( Fig. 5A and B) . Therefore, we could not eliminate the possibility that down regulation of Lin7c is the result of a regulatory mutation in non-coding DNA. To determine the presence of a possible non-coding mutation in sequences necessary for its expression, Lin7c introns and 1 kb region just upstream from the 5 0 UTR were examined in gcd2/ gcd2 and 129S1/SvJ mice. No mutation was found. Furthermore, there was no significant difference in Lin7c, BDNF or Gpr48 expression between mutant and wild-type (CAST, N 7 ) embryos at 11.5 and 15.5 dpc when germ cell depletion is apparent in mutant embryos.
We attempted to narrow the location of gcd2 using BAC transgene complementation. Transgenic lines containing genomic fragments with complete coding sequences for Bdnf (RP23-106I19) and for Gpr48 (RP23-431J22) were generated, but neither rescued the germ cell depletion phenotype in gcd2/gcd2 animals. Furthermore, gcd2 complemented the LGR4 /Gpr48 knockout (Mazerbourg et al., 2004) in double heterozygotes. Therefore, both Bdnf and Gpr48 appear not to be gcd2. Initial experiments to generate Lin7c containing BAC transgenics failed to yield germline transmitting founders.
Discussion
We have shown that the infertility of gcd2/gcd2 mice is the result of germ cell depletion, which is first apparent after PGCs have populated the embryonic gonads at 11.5 dpc. Ectopic PGCs were not found in mutant embryos. Therefore, gcd2 affects the proliferation and/or survival but not the migration of germ cells in the developing mouse embryo.
Early in mouse development, approximately 40 founder PGCs arise at the base of the allantois and must migrate to the developing gonad, all the while maintaining their proliferative capacity. By the time PGCs have completed their migration to the embryonic gonad and undergone sexual differentiation, their numbers have increased to $20,000. Proliferation of mouse germ cells can be divided into three developmental phases: the proliferation of migratory PGCs, the proliferation of post-migratory germ cells (gonocytes) in the bipotential gonad and the post-natal proliferation of spermatogonial stem cells. At each phase, interactions between the developing the germ cells (Gomperts et al., 1994) and their changing somatic environments are critical to their survival and proliferation (McLaren, 2003) . When PGCs complete their migratory phase ($11 dpc) they continue to proliferate in the embryonic gonad for a short time. During that time, they also undergo sexual differentiation and then arrest in mitotis (XY gonad) or enter meiotic prophase (XX gonad) (for review, see (McLaren, 1981) ). Relatively little is known about the regulation of germ cell proliferation at this stage. Genes that are required for the development and sexual differentiation of the gonad are also indirectly required for the survival of PGCs. For example, mutations in Sf1 or Wt1 cause defects in the development of the entire gonad and in some cases cause sex reversal (reviewed by (Brennan and Capel, 2004) ). Because gonad development and sex ratios are unaffected in gcd2/gcd2 animals and because males and females are similarly affected, it is likely that gcd2 influences a gene that is not required for gonad differentiation.
FancC (Fanconi anemia complementation group C) and Fancl (Fanconi anemia like, previously known as Pog, proliferation of germ cells) are two genes that are required for the proliferation of germ cells in the embryonic gonad but not for gonad differentiation (Agoulnik et al., 2002; Nadler and Braun, 2000) . Furthermore, Fancl is not required for the proliferation of spermatogonial stem cells in adults because fertility in older, previously sterile males, can be restored after proliferative expansion of surviving spermatogonia (Lu and Bishop, 2003) . Gcd2 is similar to FancC and Pog because germ cell depletion occurs after PGC migration and because gonad development is unaffected. However, unlike Pog mutants, sterile gcd2/gcd2 males do not regain fertility with age. Therefore, the gene affected by gcd2 may also have a role in the proliferation of spermatogonial stem cells in adult males.
Our genetic data show that the number of gcd2/gcd2 animals at weaning (21 weeks) is below Mendelian expectations and that the CAST/Ei genetic background increases the penetrance of the infertility phenotype to greater than 90% (Fig. 2) . Since gcd2 influences the development of PGCs, it may also have a general effect on embryonic stem cell proliferation and/or survival, causing early lethality in a subpopulation of embryos. Of all the induced reproductive mutants generated by our lab and by the Reproductive Genomics Program at The Jackson Laboratory (www.jax.reprogenomics.org), gcd2 is currently the only mutation that causes infertility as a result of germ cell depletion. Since genes required for the development of PGCs might also be involved in the development of other embryonic stem cell populations, they may be under-represented in forward genetic screens for infertility.
The gene affected by the gcd2 mutation has potent modifiers in the CAST/EiJ wild derived inbred strain. The genomes of CAST/EiJ (M. m. castaneous) and inbred M. m. domesticus contain a high degree of sequence polymorphism. Therefore, the gcd2 mutation provides not only an excellent opportunity to discover a new gene required for germ cell development in the embryonic gonad but also a system within which interacting genes can be easily mapped. Since the phenotype of Fancl mutant mice is so similar to gcd2 it is an attractive candidate modifier gene. Experiments are under way to assess the complexity of the genetics underlying the gcd2 mutant phenotype.
Using recombination mapping, we narrowed the gcd2 genetic interval to less than 1 Mb, but did not find mutations in any of the currently annotated coding regions. Examination of VISTA plots of conserved sequences did not suggest obvious unannotated genes. It is possible that gcd2 is in a regulatory region of a gene in the critical region. To explore this, we performed quantitative RT-PCR of some candidates, revealing that Lin7c is down regulated in adult testes but not adult ovaries. If Lin7c is required for the proliferation of germ cells then this expression pattern is as expected since there are proliferating germ cells in adult testes but not in adult ovaries. However, there were also fewer detectable transcripts of a control germ cell-expressed gene (Oct4), presumably as a consequence of reduced numbers of germ cells in the testis. Furthermore, there are data demonstrating Lin7c expression in male germ cells (Costoya et al., 2004) , which could explain the low level of transcript in the germ cell-depleted, gcd2/ gcd2 testes. The germ cell depletion itself presents a complicating technical problem in searching for misregulated candidate genes. Another possibility is that the mutation is in a regulatory element that affects the expression of a gene outside the genetically defined critical region. Such a scenario would render BAC transgene rescue ineffective. Finally, the mutation may be in a transcribed, but non-translated transcript element such as a micro RNA. However, there are no such known elements in this region. Thus, DNA sequencing of the entire critical region may be required to identify the gcd2 lesion.
